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Abstract 
Strong earthquakes always occur in countries with seismic risk 
and can potentially cause multiple deaths. This study inves-
tigates the seismic vulnerability of RC beam-column connec-
tions. Generally, it is impractical to simultaneously set up the 
molds of the concrete beam, ceiling and column and achieve a 
uniform concrete and this can cause numerous constructional 
deficiencies. Usually, these deficiencies can be instrumental 
in the failure of RC frames. Therefore, this study investigates 
the performance of a defective RC beam-column connection 
and provides a method to improve the behavior of the connec-
tion. The defective connection studied herein belongs to a high 
school in the city of Kermanshah, Iran. Many factors that affect 
the performance of the retrofitting designs are studied. Also, 
all of the parameters used in the analyses were obtained based 
upon the actual behavior of the material through core extrac-
tion and tensile tests. Finally, an optimal design is proposed.
Keywords 
defective connection, RC frame, retrofitting, brittle behavior 
of RC connections
1 Introduction
One of the central constituents of reinforced concrete 
moment-resisting frames are the beam-column joints which 
are responsible for the stability of the frames when it is under 
the influence of seismic excitation [1, 2]. In many instances, 
post-earthquake inspections of structures with RC moment 
resisting frames damaged during earthquakes, have shown that 
the damage inflicted upon the frames was mostly concentrated 
in the beam-column joints [3–9]. Also, it has been noted that 
external beam-column joints are more exposed to damage com-
pared to internal beam-column joints because of their geomet-
rical discontinuity and subpar confinement [2, 3, 10]. While 
extensive studies have been carried out to enhance the quality 
and performance of beam-column joints, less effort has been 
put on addressing the practical methods through which to seis-
mically retrofit defective beam-column joints [11]. Accord-
ingly, the ACI-ASCE committee 352 currently recommends 
that “these joints need to be studied in detail to establish their 
adequacy and to develop evaluation codes for building reha-
bilitation. Methods for improving the performance of older 
joints need to be studied. Scarce information is available on 
connection repair and strengthening’’ (p. 20). In the past four 
decades, multiple studies were performed to assess the seismic 
behavior of the existing reinforced concrete beam-column joints 
designed in accordance with different codes of various coun-
tries [12–17]. In the previous two decades, the seismic retrofit-
ting of imperfect RC beam-column joints has been given sub-
stantial attention and multiple techniques have been proposed 
to seismically retrofit the reinforced concrete beam-column 
joints [18–25]. The goal of these studies was to improve the 
shear and bonding capacity of the joints to forestall brittle fail-
ure and also to ensure that beam plastic hinging would occur. 
Seismic retrofitting of the beam-column joint was particularly 
difficult in 3D frames due to accessibility limitations such as the 
existence of transverse beams and the floor slab adjacent to the 
joint area. The difficulties faced in these investigations clarified 
that it is important to come up with practical techniques to effi-
ciently retrofit the beam-column joints of the existing RC struc-
tures. One of the first methods that was put forward to locally 
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rehabilitate non-seismically detailed RC beam-column joints 
was jacketing [26], regarding which multiple investigative 
projects were reported [18–21]. Notwithstanding, these meth-
ods of rehabilitating joints were proven to be quite costly in 
terms of detailing[26]. Furthermore, fastening the plates to the 
joints entails using either bolts that are attached to the concrete 
by some sort of bonding adhesive or some type of mortar-like 
material to seal the gap between the concrete and the plate. The 
introduction of Fiber Reinforced Polymer (FRP) made possi-
ble the introduction of various retrofitting methods to increase 
the shear strength of non-seismically detailed RC beam-column 
joints. A retrofitting approach that was experimentally exam-
ined by Pampanin, Christopulos [27], Said and Nehdi [28] and 
Sharbatdar, Kheyriddin [29], was to mount diagonal metallic 
haunches on the beam-column to protect the panel zone. This 
way of retrofitting mobilizes the part of the beam and column 
immediately adjacent to the panel zone of the joint and aids the 
joint in withstanding the shear force input which procrastinates 
the shear failure of the joint. The force acting on the elements 
framing into the joint which had to be transmitted by the joint 
was attenuated relocating the force flow and also by causing the 
plastic hinges of the beam to form at the edges of the retrofitted 
connection. A modelling process for bolted top-and-seat com-
ponents that can be potentially used in MRFs was put forth by 
Brunesi et al [30]. Through a series of FE analyses and by taking 
into account the effects of friction, bolt pretension and the rela-
tive slippage of components, the authors were able to replicate 
the cyclic-reversal test protocol. To evaluate how much par-
tially restrained (PR) bolted beam-column connections affect 
the overall dynamic response of MRF buildings subjected to 
seismic excitation, a numerical process incorporating 3D solid 
and 1D fibre based finite element models were constructed and 
verified using previous experimental data [31]. A method by the 
name of “planar joint expansion” was recommended by Piman-
mas and Chaimahawan [19, 32] which involves broadening the 
shear area of the joint by using on-site cast reinforced concrete. 
To fasten the new concrete jacket to the beam and column, 
dowel bars were used in expanded joint panel area and epoxy 
adhesive was used to annex them to the beam and column. In 
2015, Yurdakul and Avsar [33] experimentally investigated the 
efficacy of externally installed post-tension rods on RC beam 
column joints. They subjected five full-scale RC beam-column 
joints to cyclic loading and observed that the ultimate lateral 
load capacity of the retrofitted specimens rose significantly. 
Arzeytoon and Hosseini[34], in 2014 and using experimental 
models, probed the efficiency of a rehabilitation scheme com-
posed of angles, steel plates and post-tensioning rods. The good 
results of the experimental study were duplicated via numerical 
simulation. Using three half-scale samples, Shafaei et al [35] 
assessed enlarging external RC beam-column joints using pre-
stressed steel angles. All the specimens were subjected to lat-
eral cyclic load both before and after retrofitting. In that study, 
it was reported that the strength, stiffness and ductility of the 
damaged joints were fully recovered upon retrofitting the joint. 
In this research, the seismic vulnerability of a column to ceiling 
connection is investigated. Poorly constructed column to ceiling 
connections are always prone to failure and so retrofitting them 
is imperative. In this study, the performance of the panel zone of 
a poorly constructed column-ceiling connection in a high school 
in the city of Kermanshah in Iran was investigated. To improve 
the behavioral characteristics, ductility, and the strength of 
the connection, 9 different retrofitting schemes are proposed. 
Through a step-by-step approach, this study strives to evaluate 
how different factors influence the behaviour of a retrofitting 
scheme and based on the results of the performed analyses, an 
optimal design is introduced. This methodology can provide the 
engineer with a good understanding of how different parame-
ters affect a retrofitting model. The mechanical properties of the 
material used in the analyses were all obtained through in-situ 
tests including concrete core extraction and tensile tests for the 
steel bars. The criteria upon which most design codes and stan-
dards (including the FEMA440 standard) assess the validity of a 
retrofitting scheme are the two factors of ductility and strength. 
When proposing every single model presented herein, it was 
tried to take these two factors under consideration. Also, the area 
beneath the load – displacement diagram represents the amount 
of energy absorbed by the connection. Therefore, as the two fac-
tors of ductility and strength concurrently increase, the amount 
of energy absorbed by the connection increases as well and this 
is evident from all of the models. In addition, throughout the 
whole study, it was tried to propose models with geometries that 
are easy to implement so as to inflict as less damage as possible 
to the structure while the retrofitting is being performed.
2 Retrofitting moment resisting connections using 
steel jacketing 
Considering the high number of failures that occurred 
around or inside fillet welds connecting the beam flange to 
the column in moment resisting connections during the 1994 
Northridge earthquake [36], the FEMA-267[37] guideline 
proposed a series of seismic retrofitting strategies including 
haunch at bottom flange, top and bottom haunch, cover plate 
sections, upstanding ribs, top and bottom bolted bracket, and 
side-plate connections. The complete designing process of this 
type of retrofitting which includes choosing the geometry and 
the stiffness of buttressing elements welded to it was proposed 
by Yu-Uang [38, 39]. It has to be said that the main goal of 
this retrofitting scheme is to move the plastic hinge away from 
the face of the column so as to protect the welds of the con-
nection from premature cracks. In this study, by employing a 
similar idea, the behavior of a seismically designed connection 
that is poorly constructed was investigated and a step-by-step 
approach through which to retrofit the connection was intro-
duced. Due to reasons like poor construction techniques or 
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inadequate vibration, the concrete of the topmost portion of the 
column (where the column frames into the ceiling) is defective 
and is of low strength and quality. Therefore, the connection 
was retrofitted with a steel cage and pre-stressed bolts. The 
pre-stressing force increases confinement in the connection, 
delays the formation of tensile cracks, and prevents the early 
failure of the honeycombed concrete near the connection. 
In fact, the duty of the panel zone is to transfer the forces of 
the members framing into it (transferring forces from the 
beam to the column). In this method, by changing and adjust-
ing the forces in the panel zone area, the location of the plastic 
hinge is shifted away from the connection and toward the 
inner areas of the beam and also a smaller portion of the total 
force would be placed on the column-ceiling connection. Force 
transferring mechanism before and after the connection is ret-
rofitted is depicted in Fig. (1). In this retrofitting method, the 
external force which before the retrofitting was placed on the 
panel zone of the connection, is adjusted to be bore by three 
segments and so a smaller force is placed on the panel zone 
and the defective area of the column-ceiling connection.
(a) Connection before retrofitti          (b) Connection after retrofitting
Fig. 1 Load transfer mechanism in the connection
Fig. (2) displays an obvious example of an incorrectly con-
structed beam-ceiling connection in Kerman province, Iran 
whose top section has suffered substantial seismic damage and 
rotation caused by the 2003 Bam earthquake. It is clear that 
a defective column-ceiling always threatens the stability of a 
structure and therefore retrofitting becomes imperative.
3 Deriving the mechanical properties
To obtain the mechanical properties of the concrete, a series 
of core extraction were performed. A total of 16 samples were 
taken from 3 columns and two beams (10 samples from 3 col-
umns and 6 samples from 2 beams). Four samples were taken 
from the defective areas of the column-ceiling connection and 
6 more samples were extracted from 2 other columns at, 1/4, 
2/4 and 3/4 of their height. The remaining six samples were 
extracted from two beams at 1/4, 2/4 and 3/4 of their length. The 
compressive strengths of the cylindrical samples taken from the 
columns and the beams with the diameter of 100 mm and the 
height to diameter ratio of one are presented in Table (1). Fig. 
(3) displays the poorly constructed column to ceiling connection 
before core extraction, a core sample and the testing procedure.
Fig. 2 Damage and rotation inflicted upon the end of the columns of a  
building by the 2003 Bam earthquake, Iran
Table 1 Strengths of the core samples
Destructive test
Column  
(cylindrical strength)
3.2
Average = 3.05(Mpa)
2.8
3.5
2.7
Column  
(cylindrical strength)
26.4
Average = 25.5(Mpa)
27.8
24.8
25.9
24.2
23.9
Beam  
(cylindrical strength)
24.7
Average = 25.15(Mpa)
26.3
25.5
24.1
Based on the carried out tests, the compressive strength of 
the samples extracted from the intact parts of and the defec-
tive parts were chosen to be 25 and 3 MPa, respectively. The 
tensile strength of the longitudinal steel bars and the stirrups 
used in the beams and columns is 400 MPa and are in com-
pliance with the Russian GOST 5781-82:1993 standard. Based 
on the acquired data from the tests and field observations, the 
concrete at the upper 150 mm of the column (colored in green), 
is defective. The dimensions of the column of the studied con-
nection are 500*500. Also, the beam has a height of 450 mm 
and a width of 400 mm. The details of the poorly constructed 
connection in the high school, including the dimensions and 
the reinforcements are depicted in Fig. (4).
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Fig. 3 View of the poorly constructed connection and the core extraction 
operation
Fig. 4 Dimensions and the reinforcements of the connection
4 Numerical simulation
The finite element commercial software ANSYS was used 
for the numerical simulation. To model the behavior of the 
concrete, the eight-node, three dimensional SOLID65 element 
with 3 degrees of freedom in each node was employed. To 
model the nonlinear behavior of the concrete, the Wil-
lam-Warnke [40] yield criterion was used. In 2-D space, the 
principal stresses in this failure surface are as follows: 
Fig. 5 Willam-Warnke yield surface in 2D space
It has to be mentioned that this yield surface has the abil-
ity to take into account the crushing effect in compression and 
cracking is tension. It is noteworthy, also, that the behavioral 
model employed for the concrete assesses the cracks in the 
principal planes and in the Gauss points [40]. Thus, consider-
ing the positioning angles of the principal planes in 3D space 
and in each Gauss point, the model is capable of accounting 
for lateral cracks. Therefore, if a fine enough mesh is used in 
the simulation, these cracks are merged in the Gauss points 
and the paths of the lateral cracks can be modelled. A good 
example of evaluating the lateral crack effect can be found in 
the work done by Brunesi and Nascimbene [42] where a good 
agreement was seen between the results of the numerical model 
and the experimental observations. Also, to model the behavior 
of the steel plates, the eight-node, three dimensional SOLID45 
element with 3 degrees of freedom in each node was utilized. 
Further, the Von Mises yield surface was used to model the 
nonlinear behavior of the steel material. The friction between 
the concrete and the steel plates was accounted for using the 
contact elements CONTA174 and TARGET170 and the Mohr–
Coulomb yield surface was used to model the frictional behav-
ior. The friction coefficient was considered equal to0.5.[43]
Based on multiple tests on cylindrical concrete samples, 
Hognestad proposed the following equation to describe the 
behavior of concrete in compression:
In the numerical modelling, this equation was used to model 
the compressive behavior of the concrete. Also, the following 
diagram presents the stress–strain curve used for the concrete 
in tension. The tensile relaxation (softening) was presented by 
a sudden reduction of the tensile strength to 0.75 ft upon reach-
ing the tensile cracking strain (εcr). After this point, the tensile 
response decreases linearly to zero stress at a strain of 6 εcr(-
Fig. 6). 
Fig. 6 Tensile behaviour of the concrete
Now, numerically modelling a cylindrical concrete sam-
ple (pictured below) can furnish the necessary information to 
draw a comparison between the mathematical relationship and 
the numerical analyses.
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Fig 7 Finite Element modelling of the concrete cylindrical sample
As it can be seen from Fig. 8-a, there is a very good agreement 
between the mathematical model and the numerical simulation:
(a)
(b)
Fig 8 (a) The compressive stress of the mathematical and numerical models 
and (b) response of the Finite Element cylindrical sample
Thus, it is safe to assume that the abovementioned eluci-
dations can theoretically corroborate the authenticity of the 
numerical models.
To verify the parameters used in the software and also to 
ensure the correct performance of the numerical model, the 
beam-column connection studied by Shafaei et al [27] (the C1 
model), which in terms of concrete strength, reinforcement 
and geometrical properties is almost similar to the reference 
model of this study, was used. The geometrical properties of 
the model by Shafaei et al [27] and also the simulation carried 
out in the ANSYS software are presented in Fig. (9).
(a)
(b)
Fig. 9 (a) The steel reinforcement (left) and the Finite Element mesh (right) 
(b) the experimental model (the C1 model)
By comparing the load-displacement diagram of the C1 
model and its simulation in the ANSYS software using the 
obtained parameters, a good agreement can be seen (Fig. 10). 
Also, by assessing the developed cracks in the experimental and 
the numerical models, it can be ensured that the failure modes 
of the two models match (Fig. 11). In this study, by keeping the 
strength parameters of concrete and steel constant, the retrofit-
ting of the poorly constructed connection is investigated.
Fig. 10 Load-displacement diagrams of the C1 model and the finite
To numerically model the poorly constructed connection 
and also to propose retrofitting schemes, the strength values of 
the material were obtained through tests and are given in Table 
(2). These parameters were employed and kept constant in all 
the numerical models.
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Fig. 11 Crack development pattern in both the experimental and the  
numerical models
Table 2 The mechanical specifications of the material
Different materials Tensile strength (MPa) Compressive strength (MPa)
Concrete 2.5 25
Defective concrete 0.3 3
Steel plate 240 240
Bolt 420 420
Steel bars 400 400
5 Analysis and assessing the results
To model the connection, half of the upper and lower col-
umns and also half of the beam framing into the connection 
were modeled. The modeling procedure, the meshing, the con-
figuration of the reinforcement, the supports and the geometri-
cal properties of the reference model and also the applied loads 
and moments are illustrated in Fig. (12). To model the behavior 
of the defective area of the concrete, the concrete strength of 
this area was considered to be 3 MP
Fig. 12 The details and dimensions of the beam and column and the load 
mechanism
By carrying out the nonlinear static analysis on the imperfect 
connection and analyzing the results, it was revealed that the 
connection fails at the weak point before the structure reaches 
its maximum capacity. The load-displacement diagram of the 
connection signifies its brittle behavior (Fig. 13-a). Consider-
ing the plastic tensile and compressive strains of the defective 
concrete at point A in the load-displacement diagram, it can be 
seen that the concrete is destroyed at the compressive area and 
cracks in the tensile area have clearly expanded. At point B in 
the load-displacement diagram, considering the plastic com-
pressive strains, it can be observed the concrete of the defective 
area has been completely destroyed and this causes the longi-
tudinal steel bars to buckle and the connection to lose its load 
bearing capacity. Thus, point B was taken into account as the 
ultimate capacity of the connection (Fig. 13-b).
(a)
(b)
Fig. 13 (a) The load-displacement diagram of the imperfect connection; (b) 
The strain of the defective part at points A and B at the final moment of load 
carrying
As it can be concluded, retrofitting the connection seems 
imperative. To achieve the most suitable retrofitting model, 9 
different models were investigated. Given that in retrofitting 
a connection, ductility, strength, and low cost and damage to 
the structure are always of significance, these factors have 
been taken under consideration in the 9 proposed retrofitting 
designs. The tensile bolts used to connect the steel plates to 
each other in the proposed models are of type A325 and accord-
ing to the ASTM-A325 code, have been pre-stressed equal to 
either 40 or 70 percent of their yield stresses. Considering the 
fact that most of the details of the retrofitting models are the 
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same, the common specifications of the models are depicted 
in Fig. 14. The remaining details are given in the sections in 
which each model is described. The mechanical properties of 
all the models are identical and are tabulated in table (3).
Fig. 14 The overall view of the reinforcement
6 Retrofitting Models
6.1. Model 1
The first approach to overcome the said problem is to place 
steel plates with the length of 450 mm, a width equal to those 
of the beams and columns and a thickness of 10 mm. The aims 
of setting up the plates are increasing the confining stress of 
the concrete and redistribute the developed forces in the panel 
zone and transferring them to the steel plates. Therefore, the 
plates are conjoined together using B1 to B6 bolts that have 
the diameter of 20 mm and are pre-stressed equal to 40 per-
cent of their yield stresses (Fig. 15). For the bolted systems, 
considering that first the column and the beam are drilled, the 
bolts are then placed in the drilled holes and finally concrete 
adhesive is used to uniformize the hole, the bolts, and the con-
crete. To simulate this process, the element’s birth and death 
methodology has been employed. In the first stage of loading, 
the elements in the drilled hole were set to the death state and 
then pre-stressing is applied to the bolt. In the second step, 
these elements are made alive and then the loading continues. 
Through this approach, the construction procedure of the ret-
rofitting is adequately modelled. Three-dimensional link ele-
ments were used to model the bolts. These elements are capa-
ble of taking into account axial force and given that bolts with 
a diameter of 20 mm are not expected to withstand bending, 
the bolts are therefore considered not to bear bending.
Fig. 15 The overall view of model 1 and the configuration of the steel bars, 
the reinforcing plates and the tensile bolts
The triangular stiffeners shown in Fig. 16 are used to stiffen 
the connection and redistribute the developed forces from the 
confined concrete to the steel plates. The dimensions of the 
triangular stiffeners are 10*200*200 mm. As it can be seen 
from the results of the Push-over analysis given in Fig. 16, the 
ductility of the model has increased and the brittle behavior of 
the connection has improved.
Table 3 The overall specifications of the reinforcing models
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percent of prestress-
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Model(1) 450 450 10 10 45 2 (20) 2 (20) - - 40 -
Model(2) 450 450 10 10 45 2 (20) 2 (20) - - 70 -
Model(3) 450 450 10 10 45 2 (18) 2 (18) - - 70 -
Model(4) 450 450 10 10 45 - - 3 (14) 3 (14) - -
Model(5) 450 450 10 10 45 2 (18) 2 (18) 3 (14) 3 (14) 70 -
Model(6) 450 450 10 10 45 2 (18) 2 (18) 3 (14) 3 (14) 70 70
Model(7) 950 950 10 10 45 4 (18) - 4 (14) 5 (14) 70  
Model(8) 450 450 20 10 22.5 2 (18) 2 (18) 3 (14) 3 (14) 70 70
Model(9-a) 650 650 20 14 45 2 (18) 2 (18) 3 (14) 3 (14) 40 -
Model(9-b) 650 650 20 14 45 2 (18) 2 (18) 3 (14) 3 (14) 70 -
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Fig. 16 Load-displacement diagram of model 1 
By observing the normal stress at the final moment, it is 
revealed that the failure of the connection has occurred at the 
front of the column. Videlicet, the location of the plastic hinge 
is in the front of the column which is not desirable and the 
expansion of the tensile cracks and the crushing of the con-
crete of the face of the connection at the final moment con-
firms this assertion.
 Correspondingly, by observing the Von Mises stress distri-
bution of the reinforcing plates at the final moment, it can be 
seen that the maximum capacity of the steel plates has not been 
employed. This is probably due to the fact that the edges of the 
steel plates are not attached to each other, but at the location 
where the steel plates are connected by tensile bolts, the plates 
have fully contributed to stress transfer. From these results, 
it becomes clear that the steel plates should, at all points, be 
connected to each other so that they can participate in stress 
transfer and confining the concrete of the connection.
It has to be mentioned that the bolt is pre-stressed equal to 
40 percent of its yield stress and it has a diameter of 20 mm. 
The force in the bolt is equal to 52778 N. The pre-stressing in 
the bolt has caused stress concentration in the area of the plate 
where the bolts is present has penetrated the concrete and the 
areas away from the bolt, the plate has separated from the con-
crete. So, assuming that the pre-stressing affects a 200*200 
mm area, the average applied pressure was obtained to be 1.3 
MPa. By investigating the stress distribution induced by the 
pre-stressed tensile bolts on the beam and the column, the con-
tact elements are properly transferring the compression caused 
the pre-stressing (Fig. 18).
Fig. 18 Stress distribution on the concrete caused by pre-stressing of the 
bolts at the location where the bolts are connected to the plates
Fig. 17 (a) Normal stress on the beam at the final moment, (b) Normal stress under the beam at the final moment, (c) Expansion of the cracks at the final mo-
ments, (d) Von Mises stress distribution on the plates at the final moment
(a) (b)
(c) (d)
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By evaluating the ultimate stress developed in the tensile 
bolts of the plate, it can be observed that the bolts are far from 
achieving their maximum capacity. In the table below (table 
6), the maximum stress of the bolts B1 to B6 are presented.
Table 4 The ultimate stresses of the tensile bolts
Bolts B1 B2 B3 B4 B5 B6
Maximum Stress (MPa) 158.4 237.91 144.5 174.9 140.1 152.7
In bolt 2, due to slippage and separation of the steel plate 
from the concrete, stress has increased. But the bolts are still 
a long way from failure. Given the fact that the whole capac-
ity of the plates and the tensile bolts have not been used, it is 
possible to utilize the optimum capacity of the plates and the 
bolts by increasing the initial pre-stressing of the bolts. Thus, 
in model 2, the pre-stressing of the bolts was increased from 
40 percent to 70 percent of the bolt’s yield stress. Other spec-
ifications of model 2 are similar to those of model 1. Similar 
to model 1, in model 2, the maximum capacity of the bolts 
has not been employed and the bolts are able to resist load 
until they reach their maximum stress. Therefore, in model 3, 
the diameter of the bolts has been reduced from 20 mm to 18 
mm. It needs to be mentioned that this change reduces costs, 
optimizes material usage and it also prevents the drilling of a 
bigger hole in the concrete. The diagrams shown in Fig. (19) 
illustrate the load-displacement diagrams of models 1 through 
3. It’s worth noting that model 3 was compared with three dif-
ferent pre-stressings of 40, 55 and 70 percent so that the effect 
of the initial pre-stressing can be assessed. By increasing the 
pre-stressing of the bolts at the location where the bolts are 
connected to the column, stress concentration happens which 
brings about local stresses and low ductility.
         (a)                                                          (b)
Fig. 19 (a) Load-displacement diagrams of models 1–3; (b) Model 3 different 
initial pre-stressings
 By assessing the separation of the plates in model 2, it can 
be seen that the initial pre-stressing of the bolts causes the 
plates to penetrate the concrete at the location of the bolts and 
separate from the concrete in other locations and this causes 
the plate not to perform desirably. So, the separation of the 
plates at the edges has to be also sufficiently controlled. In the 
next model, this objective is met (Fig. 20).
Fig. 20 Separation and penetration contour of the plate at the final load 
carrying
6.2 Model 4
In this model, in order to prevent the separation of the 
steel plates from the concrete, especially the separation of the 
corners, it was decided to omit the medial bolts so that only 
the effect of the friction between the steel plates and the con-
crete and also the effect of the un-prestressed side bolts can 
be investigated. The steel plates on the column and the beam 
were annexed to each other using 3 bolts with the diameter of 
14 mm and no pre-stressing. The location of the side bolts are 
shown in Fig. (21).
Fig. 21 View of model 4 and the placement of the side bolts
After applying the load and controlling the separation of 
the plates from the concrete, it is observed that the plate does 
not separate from the concrete at the edges. However, it does 
occur in the middle section. Fig. (22). So, the simultaneous use 
of both side and medial bolts will probably prevent the sepa-
ration of the plates and causes the reinforcement to perform 
suitably. In model 5, the medial bolts were pre-stressed equal 
to 70 percent of their yield stresses and the side bolts were 
not pre-stressed and the performance of both types of bolts 
was investigated. Fig. 24 presents a comparison between the 
load-displacement diagrams of models 3, 4 and 5. In model 5, 
one can easily note that the simultaneous utilization of medial 
and side bolts has quite effectively increased the ductility of 
the connection.
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Fig. 22 Separation cantor of the plate from the concrete in model 4 at the 
moment when the connection reaches its final strength
Fig. 23 Comparison between the load-displacement diagrams of models 3, 
4 and 5
In model 5, by assessing the critical stress of the side bolts, 
of which the maximum stress is 78 MPa, it is revealed that the 
bolts are far from reaching their maximum capacity. Therefore, 
it is possible to arrive at more suitable results by pre-stressing 
the side bolts and increasing the confinement stress. Model 6 
was constructed to take into account these two factors. In this 
model, in addition to the medial bolts, the side bolts were also 
pre-stressed equal to 70 percent of their yield stress. By com-
paring the load-displacement diagrams of models 5 and 6, it 
is obvious pre-stressing the side bolts has increased the initial 
stiffness and the confinement stress of the connection (Fig. 24).
Fig. 24 Comparison between the load-displacement diagrams of model 5 and 6 
Increasing the initial stiffness of model 6 has decreased its 
ductility. By comparing the separation patterns of the steel 
plate from the concrete in models 5 and 6, it was concluded that 
simultaneously pre-stressing the side and the medial bolts has 
caused the plate between them to separate from the concrete 
and as a result, the uniformity of the friction stress between the 
plate and the concrete has decreased which in turn has caused 
the connection to have a brittle behavior. By pre-stressing the 
side bolts, the concrete covering acts as a support and at the 
moment the load is applied, it causes the plate between the side 
bolt and the medial bolt to separate from the concrete. G. San-
tarsiero  et al [41] have also used tensile straps to connect steel 
plates to beams and columns. The strength of the connection 
was increased by relatively 95 percent but the initial stiffness 
did not change at all which probably is due to the use of tensile 
straps whose presence has caused the support-like role of the 
concrete covering and also has caused the mid-section steel 
plate to separate from the concrete (Fig. 25).
Fig. 25 Comparing the separation pattern of steel plates from the concrete at 
the final moment in models 5(a) and 6(b)
In this model, by investigating the plastic strains and the 
expansion of the cracks, it was observed that the location at 
which the cracks started developing is the front of the column 
which is not desirable. Therefore, it is possible to drive the 
location of the plastic hinge away from the column and into the 
beam by increasing the length of the plate.
6.3 Model 7
In this model, to level out the transitive stress between the 
plate and the concrete and also to drive away the plastic hinge 
from the column and moving it into the beam, plates with the 
length of 950 mm and the thickness of 10 mm were used. The 
reinforcing plates were attached to the beam using 5 un-pre-
stressed side bolts. To connect the plate to the column, 4 medial 
bolts pre-stress equal to 70 percent of the bolts’ yield stresses 
and 4 un-prestressed side were used. The reason behind using 
the medial bolts is to increase the confinement in the column 
and in the defective area.
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Fig. 26 View of model 7 and the placement of the bolts
By comparing the load-displacement diagrams of model 5 
and 7, it can be seen that model 7 demonstrates a higher initial 
stiffness and carries more load. However, compared to model 
5, its ductility has diminished which probably is due to the 
absence of medial tensile bolts in the beam. Fig. (27). There-
fore, for the concrete to perform desirably and have sufficient 
confinement stress, it is necessary to use tensile bolts in both 
the beam and the column simultaneously.
Fig. 27 Comparing the load-displacement diagrams of models 5 and 7
Considering the Von Mises stress contours on the steel 
plates at the final step, it can be seen that the ending 300 mm 
of the steel plates do not have a significant share in carrying 
the applied loads. The stresses change over the range of 0 to 
30 MPa. Thus, it would financially sound to remove the ending 
300 mm of the plates. Fig. (28). In model 9, the dimensions of 
the plate will be decreased to 650 mm.
6.4 Model 8
In model 8, to uniformly distribute the stress resulted from 
the pre-stressing of the bolts, transverse stiffeners with the 
dimensions of 10*50 were used. It has to be mentioned that the 
length of the reinforcing steel plates in this model is 450 mm. 
The medial bolts in this connection have a diameter of 18 mm 
and the side bolts have a diameter of 14 mm. Both bolt types 
have a pre-stressing of 70 percent of their yield stresses. In this 
model, to increase ductility, the angle of the triangular stiffeners 
has been decreased from 45 degrees to 22.5 degrees. Fig. (29).
Fig. 28 Von Mises stress distribution of the reinforcing plates at the final 
moment
Fig. 29 View of model 8 and the placements of the bolts and the stiffeners
Fig. 30 Camparing the load-displacement diagrams of models 5, 7 and 8
By comparing the load-displacement diagrams of models 5, 
7 and 8, it can be deduced that in this model, the initial stiff-
ness increases due to the presence of the stiffeners. However, 
at the end of the loading process, the stiffness and the ductility 
of the connection decreases. Fig. (30). This decreasing trend 
originates from 2 distinct factors: First is the reduction of the 
angle of the triangular stiffeners and second is the support-like 
behavior of the concrete covering resulted from the side bolts 
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being pre-stressed which brings about the local failure of the 
concrete covering and also weakens the confinement of the 
concrete. Even by increasing the number of the transverse 
stiffeners, the support-like effect of the side bolts cannot be 
reduced. Hence, for the side bolts not to have a reducing effect, 
they need to be either removed or be replaced with straps. 
The second factor is the reduction of the angle of the trian-
gular stiffeners which by observing the Von Mises stresses on 
the plates, it can be seen that triangular stiffeners have yielded 
before they reached their ultimate capacity and this accelerates 
the reduction of the connection’s initial stiffness. It needs to be 
noted that the presence of transverse stiffeners almost keeps 
the separation of the steel plates from the concrete under con-
trol and transfers the stresses caused by the friction between 
the steel plates and the concrete in a uniform manner (Fig. 31).
(a)
(b)
Fig. 31 (a) Von Mises stress contour in the plates and the triangular stiffeners 
at the final moment; (b) Separation of the steel plates from the surface of the 
concrete at the final moment
6.5 Model 9
Model 9 is combination of all the previous models. Based 
on the results from model 7, the length and the thickness of 
the plate in this model are 650 mm and 20 mm, respectively. 
Based on the results from model 8, the angle of the triangular 
stiffeners is 45 degrees and the number of the transverse stiff-
eners on the column is 3 on each side. The number of tensile 
bolts on the beam and the column is 2 and their diameter is 18 
mm. In models 9-a and 9-b, the bolts have been pre-stressed 
equal to 40 percent and 70 percent of their yield stresses, 
respectively. Considering that the pre-stressings of the side 
bolts cause local failures, straps with the width of 50 mm have 
been used in place the side bolts to annex the reinforcing steel 
plates together. The straps are placed based on the position 
of the joists that are placed perpendicular to the beam so that 
when the retrofitting is being performed, as little damage as 
possible is inflicted upon the ceiling. Fig. (32).
Fig. 32 View of model 9 and the placement of the straps and the bolts
By comparing the load-displacement diagram of model 9 to 
those of the other models, it can be seen that both the ductility 
and the load bearing capacity of the connection has consid-
erably increased and therefore this model is a suitable choice 
with which to retrofit the connection. Using straps instead of 
pre-stressed side bolts has brought about a more ductile behav-
ior and has barred the steel plates to separate from surface of 
the concrete which was due to the support-like behavior of the 
pre-stressed side bolts. It should be noted that the use of straps 
instead of pre-stressed side bolts prevents the development of 
local stresses in the concrete covering and the confinement 
behavior of the concrete is also more effective. Moreover, 
compared to model 7, more optimized steel plates have been 
used in this model which in practice has the benefit of destroy-
ing a smaller portion of the ceiling at the time of retrofitting. 
Model 9-a, whose bolts are pre-stressed equal to 40 percent of 
their yield stresses, displays a more ductile behavior compared 
to model 9-b whose bolts are pre-stressed equal to 70 percent 
of their yield stresses. Therefore, high pre-stressing has prob-
ably caused local stresses in location where the steel plates are 
connected to the concrete and the connection fails before it 
reaches its maximum capacity. Fig. (33).
The maximum stress in the medial bolts of the beam and the 
column are 240 and 210 Mpa, respectively.
By drawing and comparing the separation contours of mod-
els 9-a and 5 which are the most ductile ones, it can be seen that 
at the final moment, the straps and the transverse stiffeners have 
adequately limited the slippage of the steel plates (Fig. 34).
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Fig. 33 Comparison between the load-displacement diagrams of model 9 and 
the other models
(a)                                            (b)
Fig. 34 Comparing the separation at the final moment of load carrying in 
models 9-a (a) and 5 (b)
By drawing the Von Mises stress contours of the steel plates at 
the final moment, it can be seen that the straps are on the verge of 
yielding and with sufficient strain, have provided the connection 
with enough ductility. As it can be observed in Fig. (35), an area 
of both the straps 2 and 3 have yielded but the straps are still car-
rying load. By drawing the Von Mises strain distribution along 
the height of strap 3 at its final moment of load carrying, it is seen 
that the end sections of the straps have yielded right at the time 
the connection has reached its maximum capacity.
By drawing the critical force existing in the tensile steel 
bars of the beam, it is revealed that the location of the plastic 
hinge has been shifted 600 mm from the front of the column 
towards the inside of the beam which attests to the desirable 
behavior of this reinforcement (Fig. 36).  
(a)                                            (b) 
Fig. 35 (a) Von Mises stress contours of the reinforcing plates at the final 
moment of loading, (b) Strain diagram along the height of strap 3 at the final 
moment
Fig. 36 The development location of the plastic hinge and the stress in the 
tensile and compressive steel bars at the location of the plastic hinge
Usually the aim in reinforcement is increasing strength and 
providing ductility. By drawing the diagram, the percentage 
of the relative increase in the strength of the sample against its 
ductility will become quite evident. Model 9-a has displayed 
a desirable behavior and is suitable for retrofitting the connec-
tion. In comparison to the other models, this model not only 
increases the strength of the connection, it also meaningfully 
increases its ductility. It is worth mentioning that the FEMA 
440 guideline was used to obtain the quasi-ductility criterion 
of the models. The load-displacement diagram was first bilin-
earized and then the ratio of the final displacement over the 
Table 5 Relative strength percentages and the quasi ductility values of the models
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final displacement of the linear phase was used as the qua-
si-ductility of the connection. Table (4) presents the relative 
strength increase and the quasi-ductility values.
Using steel cages, G. Compione [41], reached 140 percent 
of relative strength increase in his best retrofitting model 
(C2RR). But his model was not initially imperfect. In the steel 
cage method, the concrete is not drilled. However, welding the 
side L-shaped profiles to the side straps seems difficult. The 
welding operation in model 9 is a lot more minor than the one 
carried out in model C2RR. Also, the existence of the medial 
bolts in model 9 causes the confinement stress in the concrete 
to increase and raises the strength of the connection. Thus, 
given the discussed investigations, the performance of the 
model can be considered desirable. Finally, given the fact the 
all the desirable and undesirable factors of the previous models 
have been taken under consideration in model 9, it is a suitable 
choice for retrofitting the connection.
7 Conclusions
The improper implementation of beam-column connections 
in in-situ reinforced concrete buildings is known to be one of 
the most important weak points with the potential of failure 
in reinforced concrete moment frames subjected to seismic 
loads. So, the present work investigates the performance of the 
imperfect concrete beam-column connection by proposing 9 
reinforcing models to improve the behavior of the connection. 
In the initial model, with the destruction of the concrete 
of the defective area and the buckling of the steel bars, the 
beam-column connection has become unstable. Therefore, 
retrofitting the connection seems imperative. Through a step-
by-step approach, it was probed how different parameters can 
influence the behaviour of a retrofitting scheme and finally, 
based on the results of the analyses, a suitable and optimal 
model was proposed. This methodology can provide the engi-
neer with a good understanding of the effects of the parame-
ters affecting a retrofitting scheme. An overview of the results 
from all the reinforcing models are is as follows:
• In model 1, steel plates with the width of 450 mm, the 
same width as the beam and column, were attached to 
the beam and column using 2 medial bolts that were pre-
stressed equal to 40 percent of their yield stress. The 
reinforcement caused 34 percent strength increase and 
brought about a displacement of 41 mm. 
• In model 2, to increase the confinement stress of the con-
crete, the pre-stressing of the bolts was increased to 70 
percent of their yield stress. 
• In model 3, considering that the medial tensile bolts did 
not reach their maximum bearable stress, the diameter 
of the bolts was attenuated from 20 mm to 18 mm which 
from financial and material use standpoints was benefi-
cial. Also, by comparing different pre-stressings of the 
bolts, it was concluded that increasing the pre-stressing 
of the bolts causes stress concentration at the location of 
the holes and also brings about local failure. 
• In model 4, by omitting the medial tensile bolts and con-
necting the steel plates with three unpre-stressed bolts, 
only the effect of the friction between the steel plates and 
the concrete was assessed. By investigating the separation 
of the plate, it was observed that separation does not occur 
at the sides of the plates. Thus, the simultaneous use of 
medial and side bolts would possibly yield better results. 
• In model 5, the reinforcing plates were annexed to 
the beam and column using medial bolts pre-stressed 
equal to 70 percent of their stress and side bolts with 
no pre-stressing. The effect of the simultaneous use of 
medial and side bolts is pretty obvious. The strength of 
the connection has increased by 46 percent and the dis-
placement has increased by 50 mm. 
• In model 6, the reinforcing plates were attached to the 
beam and column using side and medial bolts. All the 
bolts in this model were pre-stressed equal to 70 percent 
of their yield stresses. Increased initial stiffness is quite 
clear in this model. However, ductility has decreased. The 
reason behind this is the support-like behavior of the con-
crete covering resulted from the tension of the side bolts 
which causes local failure and low ductility in this model. 
• In model 7, to find the optimum length of the plate and also 
to drive the plastic hinge away from the front of the col-
umn, the length of the column was increased to 950 mm. 
A 55 percent increase in strength and a displacement of 
33 mm are quite clear. Also, by investigating the stresses 
of the reinforcing plates, it became evident that the end-
ing 300 mm portion of the plate has a very small share in 
load carrying and therefore removing it in model 9 seemed 
sound from the financial and material use standpoints. 
• In model 8, the effects of adding transverse stiffeners to 
level out the stresses resulted from the initial pre-stress-
ing of the medial bolts and also decreasing the angle of 
the triangular stiffeners were investigated. By investigat-
ing the separation of the plate from the concrete, it can be 
seen that adding transverse stiffeners is very effective. 
Also, decreasing the angle of the triangular stiffeners 
reduces the initial stiffness which is not desirable. This 
model increases the strength of the connection by 40 per-
cent and causes a displacement of 33 mm. 
• Model 9 is a combination of all the other models and 
takes into account their advantages and deficiencies. In 
this model, the medial bolts were pre-stressed equal to 
40 percent and 70 percent of the bolts’ yield stresses. It 
was observed that the model whose bolts are pre-stressed 
equal to 40 percent of their yield stresses displays a far 
more ductile behavior compared to the one whose bolts 
are pre-stressed equal to 70 percent of their yield stresses. 
This model increases the strength of the connection by 
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71 percent and brings about a displacement of 57 mm. In 
this model, the plate has a length of 650 mm and has the 
same width as the beam and the column. To transfer the 
stress resulted from the initial pre-stressing of the medial 
bolts of the column, three transverse stiffeners were 
used. To prevent the support-like behavior of the side 
bolts, straps were utilized in place of bolts. By assess-
ing the stress of the medial bolts at the final moment, it 
was discovered that their stresses are far from the failure 
limit and therefore their performance was suitable. Aside 
from some small areas in the corners, stress in the side 
straps at the final moment of loading did not reach the 
yield stress. Also, by increasing the length of the plate 
and creating a good connection between the reinforc-
ing plates and the concrete, the plastic hinge was driven 
away from the front of the column and was created at a 
distance between 650 to 700 mm away from connection. 
Ultimately, it seems that to retrofit weak or defective con-
nections, all the necessary measures regarding retrofitting 
techniques have to be taken under consideration and the effects 
of all the influencing factors have to be studied so that by dis-
covering and observing the positive aspects of each influenc-
ing factor, the best retrofitting model could be chosen.
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